and methylase complexes, and elongation factors (Kingston, 1999; Taatjes et al., 2004) . One of the subSummary units of yeast Mediator has histone acetylase activity (Lorch et al., 2000) , raising the possibility that once a Mediator complexes are required for activators to gene is activated, Mediator may assist in maintaining stimulate Pol II preinitiation complex assembly on an chromatin in a hyperacetylated, open conformation. associated promoter. We show here that for the mouse
In this study, we addressed the question of what Egr1 gene, controlled largely by MAP kinase phossteps in transcription are controlled by an activatorphorylation of the ELK1 transcription factor, the Mediator interaction. We focused on a specific activa-MED23 Mediator subunit that interacts with phosphotor-Mediator interaction through studies of recently ELK1 is also required to stimulate Pol II initiation at a isolated murine embryonic stem (ES) cells lacking a step subsequent to preinitiation complex assembly.
metazoan-specific Mediator subunit, MED23 (Sur2) In Med23 −/− cells, histone acetylation, methylation, (Bourbon et al., 2004) . Med23 −/− ES cells contain largely and chromatin remodeling complex association at the normal Mediator complexes, except for the absence of Egr1 promoter were equivalent to that of wild-type the MED23 subunit, and support activation by the vast cells, yet Egr1 induction was greatly reduced. MAP majority of activation domains tested (Stevens et al., kinase activation stimulated Pol II and GTF promoter 2002). However, two specific activation domains, adebinding. However, the difference in factor binding benovirus E1A conserved region 3 and the MAP kinasetween wild-type and mutant cells was much less than regulated activation domain of the cellular transcription the difference in transcription, and Pol II remained lofactor ELK1, are extremely defective in Med23 −/− cells calized to the promoter in mutant cells. These results (Stevens et al., 2002) . These two activation domains indicate that an interaction with MED23 stimulates ininormally interact with Mediator complexes by binding tiation by promoter bound Pol II in addition to Pol II to the MED23 subunit, accounting for their defective and GTF recruitment. activity in Med23 −/− cells (Boyer et al., 1999; Stevens et al., 2002; Wang and Berk, 2002) . For ELK1, interaction Introduction with Mediator requires phosphorylation of the activation domain by a MAP kinase (Stevens et al., 2002) . Two general mechanisms contribute to transcription Microarray analysis of gene expression in Med23 −/− regulation by eukaryotic activators. First, activators in-ES cells showed that the vast majority of genes was teract with multiprotein coactivator complexes that expressed at normal levels. However, expression of modify chromatin structure to give general transcription early response genes Egr1 and Egr2 was greatly attenfactors (GTFs) and RNA polymerase II (Pol II) access to uated. These genes are normally induced by serum promoter DNA (Becker and Horz, 2002; Fischle et al., growth factor activation of MAP kinase pathways and 2003; Horn and Peterson, 2002) . Second, activators dithe subsequent phosphorylation of a ternary complex rectly stimulate binding of Pol II and GTFs to promoter transcription factor that binds to the control regions of DNA to form a preinitiation complex (Roeder, 1998) .
Egr1 and Egr2 (Thiel and Cibelli, 2002) . The ELK1 tranMultisubunit Mediator complexes (Bourbon et al., 2004) scription factor, whose activation domain is defective in were originally identified as molecular bridges between Med23 −/− cells (Stevens et al., 2002) , is the predominant activators and Pol II required for activation in vitro and ternary complex factor in ES cells (M.A.B. and A.J.B., in vivo (Lee and Young, 2000; Malik and Roeder, 2000;  unpublished data), accounting for the defect in Egr1 Myers and Kornberg, 2000) . Previous studies have and Egr2 transcription. This system provided us with a shown that Mediator is required for the second aspect powerful approach to study the mechanism of transcriptional stimulation by the phospho ELK1-Mediator interaction. We used chromatin immunoprecipitation volved in transcription and histone modifications at the an w30-fold induction of Egr1 RNA (27.5 ± 3.5 in three ChIP ( Figure 1C ). Initially we used three sets of primers the indicated annotated genes whose RNA levels were reduced to PCR amplify immunoprecipitated DNA in a single 2-fold or more and their fold reduction relative to wt. multiplex reaction. One set of primers amplified a region from the Egr1 promoter that includes the TATA-box and an SRE ( Figure 1A ). Another set amplified the 3# end of the Egr1 coding region located w4 kb from the promoters and coding regions of Egr1 and Egr2 in wildpromoter in this relatively small mammalian gene. As type (wt) and Med23 −/− cells. Because the phosphoan internal control, we included a third set of primers ELK1-Mediator interaction cannot occur in the absence for the promoter region of the constitutively expressed of MED23, steps in transcription that depend on this translation elongation factor 2 (EF2) gene. In prelimiinteraction were revealed. The results uncovered an innary experiments, we found that EF2 transcription was triguing function for an activator-Mediator interaction:
not significantly stimulated when serum-starved ES enhancement of the rate of initiation by a preinitiation cells were treated with serum during the time course of complex.
our experiments (within 60 min after addition of serum). Consistent with earlier work that used in vivo footResults and Discussion printing to assay the association of SRF and a TCF with an SRE controlling Fos transcription in cultured A431 SRF and ELK1 Are Bound to Egr1 SREs cells (Herrera et al., 1989) , ChIP with anti-SRF and antibefore Serum Induction ELK1 showed specific binding of these two proteins to Microarray analysis revealed that fewer than 1% of the Egr1 promoter region to a similar extent in serumgenes expressed in mouse ES cells were reduced by a starved and serum-treated wt cells ( Figure 1C Figure 1C) . A low level of phosmal expression of the vast majority of genes. Of all the pho-ELK1 binding was observed in serum-starved cells genes examined by the microarray, Egr1 was the most and may contribute to the low level of Egr1 transcripseverely affected by loss of MED23. Egr1 is a prototypition in serum-starved cells. To map the sites of ELK1 cal early response gene encoding a zinc finger tranbinding more accurately, we used five sets of primers scription factor. In wt ES cells it is rapidly and strongly that amplified fragments centered at -836 (fragment A), induced by serum growth factors through five serum −410 (fragment B), −62 (fragment C, the same as Egr1p response elements (SREs) in its upstream control rein Figure 1C ), +366 (fragment D), and +674 (fragment E) gion (Thiel and Cibelli, 2002) (Figure 1A ). Quantitiative relative to the Egr1 transcription start site ( Figure 1D ). reverse-transcriptase-polymerase chain reaction (RT-ELK1 binding was greatest to fragment B in the region of the four clustered SREs between −300 and −420 and PCR) of total cell RNA ( Figure 1B , gray bars) revealed next greatest to fragment C containing the promoter onstrating a generalized increase in H3 and H4 acetylaproximal SRE ( Figures 1D and 1E ). Similar results were tion in response to serum in the Egr1 promoter region observed for phosphorylated ELK1 in serum-treated wt specifically. Histone acetylation reached maximal levels and mutant cells (data not shown).
by 10 min after addition of serum and then declined slowly until it approached preserum levels after 50 min ( Figure 2D ). H4 acetylation in the promoter region was Chromatin Modification unchanged by knockout of the Med23 genes ( Figure  ELK1 interacts with the related histone acetylases p300 2A) and followed a similar time course (data not and CBP (Janknecht and Nordheim, 1996; Li et al., shown) . Scanning through the promoter region showed 2003; Nissen et al., 2001) . Although the interaction does that increased histone acetylation occurred primarily in not require ELK1 phosphorylation, MAP kinase phosthe regions of the SREs assayed by fragments B and C phorylation increases associated HAT activity (Li et al., (Figures 2B and 2C) . It is noteworthy that despite sim-2003). ChIP performed by using a polyclonal antibody ilar histone acetylation compared to wt cells, Egr1 tranraised against histone H4 peptide 2-19 acetylated at scription induction was extremely defective in Med23 , 8, 12 , and 16 revealed serum-induced acetylation cells ( Figure 1B ). We conclude that normal histone of H4 in the promoter region of Egr1, but not in the acetylation is not sufficient for maximal Egr1 transcripcoding region of wt cells ( Figure 2A ). Similar results tion, although it may contribute to the serum stimulawere observed using antibodies to H4-AcK8 only; H3-AcK9, -AcK14; and H3-AcK18 (data not shown), demtion of the low level of Egr1 transcription observed in 
Med23
−/− cells ( Figure 1B ). ChIP performed by using an promoter region versus the coding region of Egr1 in wt ES cells, whereas trimethylated H3K4 is greatly enanti-H3 antibody that binds total H3 and H3.3 independently of covalent modifications showed that H3 bindriched in the promoter region ( Figure 2E ). High H3K4 methylation was apparent in serum-starved cells when ing in the Egr1 coding region was reduced in wt, but not Med23 −/− cells after serum addition to an extent Egr1 transcription was low and was not significantly stimulated by addition of serum. The level of H3K4 similar to that for the anti-acH4 signal in Figure 2A (see Figure S1 in the Supplemental Data available with this methylation was similar to the level observed in the promoter region of the actively transcribed EF2 gene. Sigarticle online). This result is consistent with the decrease in nucleosome density in the coding regions of nificantly, the extent of H3K4 methylation was not affected greatly by knockout of the Med23 genes. highly transcribed yeast genes that has been noted recently (Lee et al., 2004) .
We assayed association of chromatin remodeling complexes with the Egr1 gene by ChIP by using antiTrimethylation of H3K4 has been associated with actively transcribed chromatin in yeast (Ng et al., 2003;  body to BRG1, the ATPase subunit of both SWI/SNFand RSC-type chromatin remodeling complexes exSantos- Rosa et al., 2002) . Recent work indicates that di-and trimethylated H3K4 are enriched specifically in pressed in mouse ES cells (LeGouy et al., 1998; Wang, 2003) . BRG1 binding to both the Egr1 promoter and the promoter regions of transcribed genes in mammalian cells (Liang et al., 2004) . ChIP performed by using coding regions in both serum-starved and serumtreated cells was above the background level of bindantibodies specific for di-and trimethylated H3K4 revealed that dimethyl H3K4 is modestly enriched in the ing observed for the promoter of the IL12b gene that is not transcribed in ES cells ( Figure 2F ). BRG1 binding ( Figure 3D ). Also consistent with the transcription assays, Pol II binding to the coding region was greatly was modestly enriched in the promoter compared to diminished in Med23 −/− cells. Surprisingly, a significant the coding region of Egr1 and was comparable to the signal was observed for Pol II binding to the Egr1 prolevel of binding to the EF2 promoter. A slight increase moter in both wt and mutant cells before addition of in binding was observed in wt cells in response to seserum when the rate of Egr1 transcription was very low rum, but in general BRG1 binding to Egr1 chromatin ( Figure 1B) . These ChIP signals for Pol II binding in sewas comparable when comparing wt and Med23 −/− rum-starved cells were well above background binding cells. Based on these results, it is unlikely that differto nonimmune rabbit IgG ( Figure 3D ). Moreover, proences in the binding of SWI/SNF-or RSC-type chromoter regions were not nonspecifically precipitated by matin remodeling complexes account for the very this anti-Pol II antibody because the promoter of the large difference in Egr1 transcription between wt and nontranscribed IL12b gene was not brought down in Med23 −/− cells. the same immunoprecipitation ( Figure 3E ). Pol II binding to the Egr1 promoter region increased significantly MED23-Dependent Increase in Mediator Binding in response to serum in wt cells and less so in Med23 −/− in Response to Serum cells ( Figure 3D ). Mediator binding was assayed by ChIP using antibodTo accurately measure the influence of serum treaties to two Mediator subunits, MED1(TRAP220) and ment on Pol II binding to the Egr1-promoter region, MED17(CRSP77), in a single immunoprecipitation reacChIPed DNA from four successive, independent experition. As predicted from in vitro binding studies with the ments was analyzed by quantitative PCR ( Figure 3F ). ELK1 activation domain (Cantin et al., 2003; To determine if the increase in Egr1 transcription in real., 2002), ChIP showed that serum and the subsequent sponse to serum is exclusively the result of enhanced phosphorylation of ELK1 greatly stimulated Mediator Pol II binding to the promoter, these values were combinding in vivo to the Egr1 control region in wt cells, pared to the quantitative analysis of Egr1 transcription and this stimulation was greatly reduced in Med23 −/− ( Figure 1B) . Pol II binding to the Egr1 promoter in wt cells ( Figure 3A ). It is difficult to determine from this cells increased by a factor of 5.8 ± 1.5 in response to data whether or not a low level of Mediator was associserum. However, Egr1 transcription in serum-treated wt ated with the Egr1 promoter before addition of serum cells increased by a factor of 27.5 ± 3.5. These results due to the fact that the ChIP signal at the promoter was indicate that the rate of initiation by Pol II molecules only slightly higher than what is presumably a backbound to the Egr1 promoter in serum-treated wt cells ground signal for the Egr1 coding region, and PCR ammust be w4-5 times the rate in serum-starved wt cells plification of the promoter region from input DNA amplito account for the discrepancy between the w6-fold fied simultaneously showed a similar increase over the increase in Pol II binding to the Egr1 -promoter region coding region signal ( Figure 3A, input) . However, it is and the w30-fold increase in the overall rate of Egr1 clear that Mediator binding increased greatly in retranscription. Comparing serum-induced wt cells to sesponse to serum in wt cells. More accurate mapping of rum-starved Med23 −/− cells, 6.6 ± 1.6-fold more Pol II Mediator binding sites was accomplished by PCR by bound to the Egr1 promoter ( Figure 3F ) resulted in a using primers for fragments A-E ( Figure 3B ). Binding 107 ± 24-fold increase in Egr1 transcription ( Figure 1B ). was greatest to fragment C spanning the transcription Clearly, the rate of Egr1 transcription is not regulated start site and the single promoter proximal SRE and solely through enhanced binding of Pol II to the prowas next highest to fragment B close to the clustered moter. SREs at approximately −400 ( Figures 3B and 3C) .
The influence of MED23 on Egr1 transcription is most There are two major classes of Mediator complexes, clearly shown by comparing the serum-treated wt and those containing a cyclin-dependent kinase-cyclin modmutant cells, as histone acetylation, methylation, and ule and those lacking the module (Holstege et al., 1998;  chromatin remodeling complex association at the Egr1 Naar et Samuelsen et al., 2003; Sato et al., promoter region were equivalent after serum treatment 2004; Wang et al., 2001 ). Recent studies have indicated (Figure 2) . Consequently, no apparent significant differthat Mediator complexes containing the CDK-cyclin ences in chromatin structure influence the comparison. module have reduced association with Pol II (Naar et Quantitative PCR of ChIPed promoter DNA ( Figure 3F ) al., 2002; Samuelsen et al., 2003; Sato et al., 2004) and showed that Pol II binding was 2.7 ± 1.1-fold higher in are unable to stimulate transcription in response to acwt compared to Med23 −/− cells. Thus, interactions tivators in vitro . However, ChIP permade by this Mediator subunit result in an w3-fold formed by using anti-CDK8 antibody produced very increase in Pol II binding to the Egr1 promoter. Howsimilar results to ChIP with anti-MED1 and anti-MED17 ever, this w3-fold difference in promoter binding was ( Figure S2 ), indicating that a CDK8-containing form of considerably smaller than the difference in the rate of Mediator interacts with activation domains bound to Egr1 transcription in wt versus Med23 −/− serum-treated control regions in vivo, just as it does in vitro, and may cells, which was 13.2 ± 1.6-fold ( Figure 1B) . Thus, while contribute to transcriptional activation (Cantin et al., MED23 increased Pol II recruitment to the Egr1 pro-2003; Stevens et al., 2002) . moter, the magnitude of this increase, w3-fold, could not account fully for the increase in Egr1 transcription, Pol II Binding to the Egr1 Gene w13-fold. To account for this difference, we conclude As expected from the transcription results ( Figure 1B) , that the presence of MED23 also resulted in an w4-to ChIP revealed a very large increase in Pol II binding to 5-fold increase in the rate of transcription initiation by Pol II molecules bound to the Egr1 promoter. the Egr1-coding region in response to serum in wt cells Mapping of Pol II binding throughout the Egr1 proat which each promoter-bound Pol II molecule initiates transcription at the Egr1 promoter is greater in wt commoter region by multiplex PCR with primer sets A-E ( Figure 3B ) provided additional data in support of the pared to Med23 −/− cells since a much larger proportion of the Pol II molecules associated with the promoter conclusion that an interaction with MED23 increases the rate of Pol II initiation at the Egr1 promoter. For region transcribed into the coding region. If the increase in transcription in wt compared to Med23 −/− cells was serum-treated Med23 −/− cells, Pol II binding was concentrated at the promoter ( Figures 3G and 3H) . In condue only to an increase in Pol II binding to the promoter, we would expect the distribution of Pol II in Med23 −/− trast, for wt cells plus serum, high levels of Pol II also were observed in the promoter proximal coding region cells plus serum to be similar to that for wt, with the amount of Pol II in each region being decreased. Befragments D and E. These results indicate that the rate cause this was not the case, the difference in the distrithese factors were stably associated with this small fraction of Egr1 promoters. Instead, it seems more bution of Pol II through the promoter proximal region likely that in uninduced serum-starved cells there is a is a second argument that an interaction with MED23 dynamic equilibrium between binding and dissociation increases the rate of transcription initiation for each of Pol II, TFIIB, E, and H (and presumably TFIIF) from molecule of Pol II at the Egr1 promoter. This is probably TFIID-TFIIA complexes on Egr1 promoters ( Figure 4E , a consequence of the ELK1-Mediator interaction obtop). As a result, Pol II, TFIIB, E, and H would be bound served in vitro that, like Egr1 induction, is dependent on to only a fraction of promoters at the moment of formalboth MED23 and MAP kinase phosphorylation of ELK1 dehyde crosslinking, accounting for the observed data. (Stevens et al., 2002) . To gain further insight into the It is possible that Mediator complexes also are reverstranscription step stimulated by this activator-Mediator ibly associated with the small fraction of Egr1 promotinteraction, we analyzed GTF binding, Pol II CTD phosers bound by Pol II and GTFs in serum-starved cells. phorylation, and elongation factor binding by ChIP.
However, because a high background of signal in ChIP assays with anti-Mediator antibodies prevented us Association of General Transcription Factors from determining the level of Mediator binding in seChIP assays of general transcription factor (GTF) bindrum-starved cells ( Figure 3A) , we could not reach a reliing in wt cells revealed that each one assayed associable conclusion on this point. ated with the Egr1 promoter both in the absence of seSerum treatment clearly increased Mediator binding rum, when the transcription rate was low, and after to the Egr1 promoter in wt cells, for which the ChIP addition of serum, when transcription occurred at a signal was well above background ( Figure 3A ). The rehigh rate in wt cells (Figure 4) . However, there were insulting additional interactions between phospho-ELK1 teresting differences in the level of binding of the difand the MED23 Mediator subunit may stabilize the preferent GTFs. TBP and TFIIA binding increased only initiation complex, resulting in the observed w3-fold modestly at best in response to serum (Figures 4A and increase in binding of Pol II, TFIIB, E, and H in response 4B). In contrast, TFIIB, E, and H behaved like Pol II.
to serum ( Figure 4E ). This is similar to the stimulation Although binding was clearly detected at the Egr1 proof preinitiation complex assembly resulting from the moter in the absence of serum, it increased signifiphospho-ELK1-Mediator interaction observed in vitro cantly in response to serum ( Figures 4C and 4D ). In on a synthetic promoter, with binding sites for only the Med23 −/− cells, GTF binding was similar to wt cells in single Gal4-ELK1 fusion protein studied (Cantin et al., the absence of serum, but the stimulation of TFIIB, E, 2003) . In the case of the more complex endogenous and H binding by serum was reduced compared to wt Egr1 control region, other transcription factors likely cells. Scanning through the promoter region showed promote the assembly of the preinitiation complexes that, for all the GTFs assayed, binding was centered observed before the addition of serum. Sp1 was sugover the transcription start site (Figures 4B and 4D, and gested to have this function at promoters rapidly indata not shown). ChIP performed by using antibody to duced by NF-κB (Ainbinder et al., 2002) . TAF1 showed similar results to those for TBP (data not shown), indicating that TFIID complexes were associSalt Sensitivity of Pol II Binding to the Egr1 ated with the promoter. We were not able to obtain reliPromoter Region able ChIP results using antibodies prepared against
The observation that preinitiation complexes are as-TFIIF. Quantitative PCR of ChIPed DNA showed that sembled on the uninduced Egr1 promoter before addi-TFIIH binding to the Egr1 promoter was 3.3 ± 0.9-fold tion of serum raised the question of whether these higher in wt versus Med23 −/− serum-treated cells. This polymerases are associated with preinitiation comis similar to the fold increase observed for Pol II, which plexes that have not initiated transcription, or polymerwas 2.7 ± 1.1. Because TFIIH is the last GTF to associase molecules that initiated transcription and paused, ate with a promoter during preinitiation complex asas observed at uninduced heatshock promoters origisembly (Roeder, 1998) and quantitative Egr1 promoter nally in Drosophila (Lis, 1998) and also in mammalian binding assays showed a similar increase in Pol II and cells (Corey et al., 2003) . To address this question, we TFIIH binding in wt compared to Med23 −/− cells, we determined whether Pol II associated with the Egr1 proconclude that MED23 stimulated preinitiation complex moter in the absence of serum is stable to treatment assembly w3-fold in serum-treated cells.
with high salt. In contrast to the polymerase in preinitiaThe observation that TFIID and A binding in wt cells tion complexes, elongating multisubunit RNA polymerdid not increase significantly with serum, whereas bindases bound to template with associated nascent traning of TFIIB, E, H, and Pol II did, suggests that in the scripts (ternary complexes) remain stably associated absence of serum, more Egr1 promoters were bound with template DNA in >0.5 M monovalent cation by TFIID and TFIIA than by TFIIB, E, H, and Pol II. The (Rhodes and Chamberlin, 1974; Roe et al., 1984) . For maximum ChIP signal possible corresponds to protein mammalian RNA polymerase II, synthesis of only two binding to the two Egr1 promoters in every diploid cell.
phosphodiester bonds generates a complex stable to Because the TBP and TFIIA signals did not increase 0.35 M KCl, and synthesis of ten phosphodiester bonds significantly in response to serum, TFIID and TFIIA may yields a complex stable to 0.6 M KCl (Cai and Luse, be bound to all or nearly all Egr1 promoters before se-1987) . Structural studies of an RNA polymerase II elonrum addition. In contrast, only a fraction of Egr1 progation complex suggest that this increase in salt stamoters had associated TFIIB, E, H, and Pol II in serumbility results from closing of the moveable clamp dostarved cells since the ChIP signal for these factors main of the large subunit over downstream DNA (Gnatt et al., 2001 ). increased after serum addition. It seems unlikely that Consistent with these in vitro results on the salt staas assayed by ChIP (Proft and Struhl, 2004) . In our experiments, we added NaCl to 0.5 M to media of wt cells bility of Pol II template association, a recent study in yeast showed that increasing the salt concentration of that were serum starved or treated with serum for 30 min. Formaldehyde was subsequently added to crossmedia to 0.4 M NaCl led to a rapid loss of Pol II and GTFs from the promoter regions of most genes without link chromatin, and the remaining steps of the ChIP analysis were performed by using antibody to the large dissociation of elongating Pol II from coding regions, coding region, in both serum-starved and serum-treated cells. In contrast to the EF2 promoter, Pol II binding to the Hsp70A1 promoter was not decreased by salt treatment. This is consistent with previous observations indicating that in non-heat-shocked cells, Pol II has initiated and paused near the Hsp70A1 promoter (Corey et al., 2003) .
When the same anti-Pol II immunoprecipitates were analyzed by PCR by using primers for the Egr1 promoter and coding regions ( Figures 5A and 5C ), the analysis showed that salt treatment did not reduce Pol II binding to the Egr1 coding region in serum-treated cells, or to the EF2 coding region in serum-starved and serum-treated cells. However, Pol II binding to the Egr1 promoter region, as well as the EF2 promoter region analyzed in the same reactions, clearly decreased with salt treatment, in sharp contrast to the Hsp70A1 promoter. We conclude that Pol II associated with the Egr1 promoter region in serum-starved cells has not initiated and then paused at an early point in elongation, as is the case for Pol II at the Hsp70A1 promoter. (It was necessary to use a different set of primers for the EF2 coding region in the multiplex PCRs of Figures 5B and 5D than in C because the primer pair for EF2 coding region used in C interfered with amplification of the Hsp70A1 promoter region. The alternative amplified product from the EF2 coding region in Figure 5C was smaller than the amplicon from the EF2 promoter region.) Similar salt sensitivity of Pol II binding to the Egr1 promoter region was observed in serum-starved and treated Med23 −/− cells, as expected. Wt ES cells also were either maintained at 37°C or incubated at 43°C for 5 min to induce the heat shock response ( Figure 5D ). As observed earlier, the Pol II ChIP signal for the Hsp70A1 gene from cells at 37°C was not affected by high salt, whereas the signal from the EF2 promoter in the same immunoprecipitated DNA was decreased. After a shift to 43°C for 5 min, Pol II increased greatly in the Hsp70A1 coding region as well as in the promoter region ( Figure 5D, 43°C) . The signal for elongating polymerase in the Hsp70A1 coding region as well as the signals for elongating Pol II in the EF2 coding region at 37°C and at 43°C were not de- ing to the induced Egr1 promoter in serum-treated cells (D) Wt ES cells were incubated continuously at 37°C or shifted to ( Figure 5C ) was also salt sensitive, like Pol II at the EF2 43°C for 5 min. NaCl was added to the medium to 0.5 M as indipromoter under all conditions. These results suggest cated, formaldehyde was added subsequently and the ChIP protothat there is a substantial pause after Pol II promoter col was performed with the indicated primers.
binding before the polymerase initiates and enters the salt-stable elongation conformation. This pause may be subunit of Pol II. As a control, the promoter region of due to abortive initiation (Goodrich and Tjian, 1994; Tinthe Hsp70A1 gene (Corey et al., 2003) was analyzed in tut et al., 1995) or another slow step in promoter escape multiplex PCRs by using primers for the promoter and and the transition to a stable elongation complex. Such coding regions of the EF2 gene ( Figures 5A and 5B) . As a pause may account for the higher level of Pol II obobserved in S. cerevisiae (Proft and Struhl, 2004) , salt served in the promoter regions compared to the coding treatment resulted in a substantial decrease in Pol II regions of the transcribed genes in most of these ChIP assays. binding to the EF2 promoter region, but not to the EF2 tion by the anti-Ser5-P H14 monoclonal antibody is not an accurate measure of the number of CTD repeats phosphorylated on Ser5. Consequently, stimulation of CTD phosphorylation by the phospho-ELK1-MED23 interaction may have been missed by this assay.
CTD Ser2 phosphorylation at the Egr1 promoter increased in response to serum in both wt and Med23 −/− cells ( Figure 6C ). Consequently, it seems unlikely that the Med23 −/− cell defect in initiation resulted from a defect in CTD phosphorylation at Ser2. After serum addition and the resulting stimulation of transcription, Ser2 phosphorylation was much higher at the 3# end of the Egr1 and EF2 genes than in the promoter region, as has been observed in yeast (Cho et al., 2001; Komarnitsky et al., 2000) . Surprisingly, the signal for Ser2 phosphorylation ( Figure 6C ) relative to total Pol II in the Egr1 coding region ( Figure 6A ) was reproducibly higher in Med23 −/− compared to wt cells. This might be explained by more extensive Ser2 phosphorylation of Pol II in the mutant cells resulting in more efficient immunoprecipitation by the anti-Ser2-P antibody. Perhaps this was a consequence of the slower rate of initiation at the Egr1 promoter in the mutant cells, allowing a longer period for association with P-TEFb.
Elongation factors DSIF (Spt4-Spt5) and NELF function to inhibit promoter proximal elongation, and this inhibition is relieved by the kinase activity of P-TEFb 6D-6F). They each increased in response to serum to an extent similar to that observed for Pol II, as expected for factors that bind to the polymerase. The ChIP sig-CTD Phosphorylation and Association nals for these elongation factors paralleled the signals of Elongation Factors for Pol II ( Figure 6A ). Consequently, the amount of these The results presented above indicate that the MED23 factors associated per Pol II molecule bound to the Mediator subunit is required for a high rate of Pol II Egr1 promoter was the same in wt and Med23 −/− cells initiation at the Egr1 promoter in response to serum. plus or minus serum. As in Drosophila (Andrulis et al., Because phosphorylation of the Pol II CTD and the 2000; Kaplan et al., 2000; Wu et al., 2003) , NELF was binding of elongation factors have been implicated in confined to the promoter region whereas DSIF and controlling transcription initiation and elongation at P-TEFb traveled with elongating polymerase into the other promoters (Ainbinder et al., 2004; Andrulis et al., coding region. 2000; Kaplan et al., 2000; Renner et al., 2001; Shim et The Egr1 control region is organized into a chromatin al., Wu et al., 2003) , we analyzed these processes structure that is poised to respond rapidly to MAP kiat the Egr1 promoter. Even though the rate of Egr1 trannase signaling. Kinetic analysis of Pol II binding indiscription initiation in serum-starved cells was very low, cated that transcription initiation is stimulated within especially in Med23 −/− cells, phosphorylation of CTD one minute of serum addition to wt cells ( Figure S3 ). Ser5 at the promoter, as measured by ChIP with the anit-Ser5-P H14 monoclonal antibody (Patturajan et al., 1998) , was evident in both wt and Med23 −/− cells (FigConclusions  ure 6B ). An increase in phospho-Ser5 paralleled the increase in total Pol II after addition of serum to both Previous studies of the mechanism of Mediator function in activator-dependent transcription in vivo rewt and Med23 −/− cells (compare Figures 6A and 6B ). Consequently, although S. cerevisiae Mediator stimuvealed that Mediator is required for an activator to stimulate binding of Pol II and GTFs to a target promoterlates TFIIH phosphorylation of the CTD in vitro (Kim et al., 1994) , these ChIP experiments did not reveal a the recruitment steps of transcription initiation (Kuras and Struhl, 1999; Li et al., 1999) . This is consistent with requirement for the MED23 subunit for Ser5 phosphorylation at the Egr1 promoter in mouse cells. It is interesta requirement for Mediator (Ranish et al., 1999) and specific activation domain-Mediator interactions (Caning that MED23 does not appear to be conserved between S. cerevisiae and metazoans (Bourbon et al., tin et al., 2003) 
